A major part of morbidity and mortality after liver resections is caused by inadequate remnant liver function leading to liver failure. It is therefore important to develop accurate diagnostic tools that can predict the risk of liver resection-related morbidity and mortality. In this study, preoperative hepatobiliary scintigraphy of the future remnant liver and CT volumetric measurement of the future remnant liver were performed on patients who were to undergo liver resection. The accuracy of risk assessment for postoperative morbidity, liver failure, and mortality was evaluated. Methods: Forty-six patients who were scheduled for liver resection because of hepatobiliary tumors, including 17 patients with parenchymal disease (37%) and 13 patients with hilar cholangiocarcinoma (28%), were assessed preoperatively. Hepatobiliary scintigraphy was performed by drawing regions of interest around the future remnant to calculate 99m Tc-mebrofenin uptake in it. CT volumetry was used to measure the volume of the total liver, the tumors, and the future remnant. Receiver-operatingcharacteristic analysis was performed to assess cutoff values for risk assessment of morbidity, liver failure, and mortality. Furthermore, univariate and multivariate analyses were performed to determine factors related to morbidity and mortality. Results: Morbidity and mortality rates were 61% and 11%, respectively. Liver failure occurred in 6 patients (13%). Significantly decreased uptake in the future remnant was found in patients in whom liver failure and liver failure-related mortality developed (P 5 0.003 and 0.02, respectively). The volume of the future remnant was not significantly associated with any of the outcome parameters. In receiver-operating-characteristic analysis, uptake cutoff values for liver failure and liver failure-related mortality were 2.5%/min/ body surface area and 2.2%/min/body surface area, respectively. In multivariate analysis, uptake was the only significant factor associated with liver failure. Conclusion: Preoperative measurement of 99m Tc-mebrofenin uptake in the future remnant liver on hepatobiliary scintigraphy proved more valuable than measurement of the volume of the future remnant on CT in assessing the risk of liver failure and liver failure-related mortality after partial liver resection.
Despi te newer techniques such as radiofrequency ablation and arterial chemoembolization, partial liver resection remains the treatment of choice for most primary and secondary liver malignancies. Although overall mortality rates have improved in the last decade, postoperative morbidity rates still can be substantial. A large resection and underlying parenchymal disease such as cirrhosis or obstructive jaundice correlate with increased morbidity and mortality rates (1) (2) (3) (4) (5) (6) . When too much healthy liver parenchyma is resected, the risk of liver failure increases. Liver failure is an important cause of mortality after partial liver resection (2, 6) . For patients with healthy livers, a resection of 70%-75% of the liver is assumed to be safe (7) . For patients with parenchymal disease, this safety limit is more variable and lies between 40% and 60%. CT volumetry can be used to calculate the volume of the future remnant liver (8) and is widely used to exclude patients from liver resection or to select patients who will benefit from a procedure to increase the volume of the future remnant, such as portal vein embolization (9) . However, the function of the future remnant is decreased in patients with parenchymal disease, despite a future-remnant volume that is equal to that in patients with healthy livers (7, 10, 11) . Therefore, one can argue that determining the functional capacity of the future remnant is more important than determining the volume, especially in patients with parenchymal disease.
Hepatobiliary scintigraphy using 99m Tc-iminodiacetic acid analogs, such as 99m Tc-mebrofenin, can be used to measure segmental liver function (12, 13) . 99m Tc-Mebrofenin is excreted into the bile by adenosine triphosphate-dependent export pumps-the multidrug-resistance-associated proteins 1 and 2-without undergoing biotransformation during transit through the hepatocytes (14) . We have shown that the preoperative total hepatic uptake rate of 99m Tc-mebrofenin correlates well with the indocyanine green (ICG) clearance rate (15) . Furthermore, 99m Tc-mebrofenin uptake by the future remnant can be determined preoperatively by delineating the future remnant on the preoperative hepatobiliary scintigraphy image. In a previous study, a strong correlation was found between the uptake rate of the future remnant and the actually measured uptake 1 d after surgery (r 5 0.95; P , 0.001) (16) .
The aim of this study was to measure uptake in the future remnant liver preoperatively on 99m Tc-mebrofenin hepatobiliary scintigraphy, measure the volume of the future remnant liver on CT volumetry, and compare the accuracies of these 2 methods in predicting the outcome of liver resections in a series including patients with parenchymal disease and hilar cholangiocarcinoma. The outcome parameters were postoperative morbidity, liver failure, and mortality.
MATERIALS AND METHODS

Patients
Forty-six patients (23 men and 23 women; median age, 63 y; range, 19-79 y) who underwent a partial liver resection from 2000 to 2004 were consecutively included in this study. All patient data used in the study of Bennink et al. (16) were included in our study. Postoperative histopathologic examination showed the following diagnoses: colorectal metastasis (n 5 16), hilar cholangiocarcinoma (n 5 13), hepatocellular carcinoma (n 5 6), chronic sclerosing cholangitis (n 5 4), cystadenoma (n 5 2), metastasis of adenosarcoma of the uterus (n 5 1), metastasis of nonseminoma testis (n 5 1), cholangiocellular carcinoma (n 5 1), metastasis of gastrinoma (n 5 1), and focal nodular hyperplasia (n 5 1). A total of 17 patients (37%) had histologically proven parenchymal disease, of which 11 had fibrosis, 2 cirrhosis, and 4 chronic sclerosing cholangitis. The study was approved by the Medical Ethics Committee of the Academic Medical Center of the University of Amsterdam. Written informed consent was obtained from each patient before participating in the study.
Preoperative Workup
The routine preoperative workup consisted of physical examination and laboratory analysis of liver damage parameters and function parameters. These parameters were also measured at regular intervals after surgery. Furthermore, the ICG clearance rate was measured as described elsewhere (15) . In cholestatic patients (n 5 18), preoperative biliary drainage was performed using endoscopic retrograde cholangiopancreatography (n 5 15) or percutaneous transhepatic drainage (n 5 3) more than 6 wk before surgery. Overall, preoperative total bilirubin levels were 15 6 12 mmol/L (mean 6 SD). One day before surgery, liver damage and function parameters were analyzed, ICG clearance rate measured, and hepatobiliary scintigraphy performed.
Hepatobiliary Scintigraphy
Hepatobiliary scintigraphy was performed using the radiopharmaceutical agent 99m Tc-mebrofenin as previously described (16) . Briefly, after injection of 85 MBq of 99m Tc-mebrofenin, dynamic images were obtained with a g-camera (Diacam; Siemens) for 60 min. During the first 10 min, 60 frames of 10 s each were acquired (liver uptake phase), followed by 50 frames of 1 min each (liver excretion phase). On preoperative scintigraphy, regions of interest were drawn around the total liver and future remnant liver, and radioactivity was measured within these regions of interest (Fig. 1) . For determination of uptake in the future remnant, the right border of the aorta (visible in the early phase of scintigraphy) plus 1 aortic diameter was taken as the border between segments 4 and 5/8. The indentation formed by the round ligament was used as the border between segments 3 and 4. For validation purposes, the regions of interest around the future remnant were drawn on the preoperative scan by 2 independent investigators with guidance from the surgical report. Interobserver variation was calculated. The total hepatic uptake rate was calculated as described by Ekman et al. (13) . The rate of uptake in the liver was calculated using measured values obtained between 150 and 350 s after injection, to ensure that hepatic uptake calculations were performed during a phase of homogeneous distribution of the agent in the blood pool, before the rapid phase of hepatic excretion (13) . To compensate for differences in liver functional requirements based on different patient weights and lengths, the total hepatic uptake rate (%/min) was divided by the body surface area (BSA) and was expressed as %/min/BSA (17) . Uptake in the future remnant was calculated by dividing counts within the delineated future remnant by total hepatic counts within the same time frame and multiplying this factor by total hepatic uptake, corrected for BSA. Uptake in the future remnant was expressed as %/min/BSA.
CT Volumetry
CT volumetry was performed as described by Shoup et al. (18) . Patients underwent diagnostic, multiphase, contrast-enhanced abdominal CT before surgery. All CT was performed with a helical scanner (Philips). CT of the abdomen was performed to include the whole liver in 1 breath-hold, using a 5-mm collimation. The total liver, tumors, and future remnant were delineated on every image using portal and hepatic veins as landmarks for segmental division. Integrated software was used to calculate the volume of the total liver, total tumors, and future remnant after surgery. All delineations were made by an experienced radiologist. Tumor volume was subtracted from total hepatic volume. Total hepatic volume was corrected for weight and length differences and expressed as 
Partial Liver Resection
Three patients (7%) underwent resection of 1 segment, 9 patients (20%) underwent bisegmentectomy, 9 patients (20%) underwent left hemihepatectomy, 18 patients (39%) underwent right hemihepatectomy, and 7 patients (15%) underwent extended right hemihepatectomy (including segment 4). Patients with hilar cholangiocarcinoma underwent (extended) hemihepatectomy combined with hilar resection and caudate lobe resection (19, 20) . The median operation time was 349 min (range, 122-730 min), and median blood loss was 2,000 mL (range, 300-8,000 mL). Pringle's maneuver was applied 18 times (39%), and total vascular exclusion was applied once (2%) to control bleeding.
Liver Failure
Patients with liver failure were defined as having elevated bilirubin plasma levels (.50 mmol/L), prolonged prothrombin time (.15 s), and increased plasma ammonia levels, combined with signs of hepatic encephalopathy or hepatorenal syndrome, requiring intensive care (21, 22) .
Statistical Analysis
SPSS, version 11.5 for Windows (SPSS Inc.), was used for statistical analysis and for creating receiver-operating-characteristic (ROC) curves. Likelihood ratios (LRs) were used to assess posttest chances and cutoff values (23) . The Student t test or 1-way ANOVA, followed by Bonferroni posttest correction, was used to calculate differences in numeric data between 2 groups or more than 2 groups, respectively. The x 2 test was used for categoric data, and multivariate analysis was performed using logistic regression. Continuous data were expressed as mean 6 SD or median 6 range when nonparametric. All tests were considered at the 5% level of significance.
RESULTS
Hepatobiliary Scintigraphy and CT Volumetry
Total hepatic uptake was significantly lower in patients with parenchymal disease than in patients with healthy liver parenchyma, whereas total hepatic volume did not significantly differ between these groups (Table 1) . No bias between the 2 observers was evident for delineation and calculation of uptake in the future remnant (P 5 0.21), and 93% of values were within the limits of agreement (Fig. 2) . Mean uptake and volume for the future remnant are shown in Table 2 according to resection type and parenchymal status. Patients who underwent right or extended right hemihepatectomy had significantly lower uptake and volume for the future remnant than did all other patients. The mean size of the future remnant liver of extended right hemihepatectomy patients was also significantly less than that of right hemihepatectomy patients. Mean uptake in the future remnant was significantly lower in patients with parenchymal disease than in patients with healthy livers, whereas volume tended to be higher; this difference was not significant.
Morbidity and Mortality
The postoperative complications occurring most often were ascites, pulmonary failure, bleeding or repeated bleeding, and liver failure (Table 3) . Liver failure occurred in 6 patients (13%), of whom 4 had parenchymal disease (67%) and 4 died in the hospital. Total morbidity and inhospital mortality rates were 61% (n 5 28) and 11% (n 5 5), respectively (Table 4 ). In 2 of the 4 patients with liver failure who died, sepsis also had developed. In the fifth patient who died, sepsis associated with biliary anastomotic leakage had developed and eventually led to multiple organ failure. Besides the 5 patients who died, 4 other patients also needed treatment in the intensive care unit because of sepsis (n 5 2), cardiac failure (n 5 1), or pulmonary failure (n 5 1). Laparotomies were repeated to control bleeding (n 5 4) or to drain infected ascites and wash the abdominal cavity (n 5 3). Mean uptake and volume for the future remnant were calculated according to the different outcome parameters (Table 5) . Uptake was significantly lower in patients in whom liver failure developed and in patients who experienced liver failure-related mortality. Volume tended to be lower in patients with morbidity, liver failure, and mortality, but this difference was not significant.
ROC Analysis
To further examine the significant relationship between uptake in the future remnant and the outcome parameters of liver failure and liver failure-related mortality, we performed ROC analysis and determined cutoff values (Fig. 3) . ROC analysis of the volume of the future remnant was also performed; areas under the curve for which the 95% confidence interval crossed 50% indicated no significant accuracy. Cutoff values were assessed on the following bases: First, the chance that a negative outcome would develop while the test result was above the cutoff value (a ''negative test'') needed to be as low as possible. Second, when the test result was below the cutoff value (a ''positive test''), the decision not to perform the operation needed to be well supported. In other words, the LR of a negative test (LR2) needed to be as low as possible while the LR of a positive test (LR1) was kept well above 5. These cutoff values are encircled in Figure 3 and were found to be 2.5%/min/BSA for liver failure (LR2 5 0.2; LR1 5 8.3) and 2.2%/min/ BSA for liver failure-related mortality (LR2 5 0.3; LR1 5 11). Patients with uptakes above 2.5%/min/BSA and 2.2%/ min/BSA in the future remnant had a 3% chance that liver failure and liver failure-related mortality, respectively, would develop (Table 6 ). Patients with uptake below 2.5%/min/BSA in the future remnant had a 56% chance that liver failure would develop, whereas patients with uptake below 2.2%/min/BSA had a 50% chance that liver failure-related mortality would occur. Beneath Table 6 , 2 by 2 tables are shown for each cutoff value.
Univariate and Multivariate Analyses
To examine whether other preoperative and intraoperative factors were also associated with the outcome parameters and to identify potential confounders, we performed univariate and multivariate analyses (Table 7) . Factors besides uptake that were evaluated in univariate analysis were age, sex, diagnosis, chronic liver disease, resection type, operation time, blood loss, and the following preoperative laboratory assessments: aspartate aminotransferase, alanine aminotransferase, lactate dehydrogenase, albumin, bilirubin, alkaline phosphatase, g-glutamyl transferase, prothrombin time, activated partial thromboplastin time, antithrombin III, and ICG clearance rate. Only factors found to be significant on univariate analysis are shown in Table 7 .
In multivariate analysis, no factors were associated with morbidity. Operation time was the only factor that was significantly associated with mortality. Uptake in the future remnant was the only factor that was significantly associated with liver failure. No factor was significantly associated with liver failure-related mortality.
DISCUSSION
Accurate measurement of liver function before liver resection is crucial in the assessment of resectability and hepatic functional reserve, especially in patients who require a large resection and patients with underlying parenchymal liver disease (24) . In this study, the accuracy for assessing the risk of morbidity, liver failure, and mortality was measured before partial liver resection, comparing uptake in the future remnant liver on hepatobiliary scintigraphy with volume of the future remnant on CT volumetry. Uptake was accurate for determining an increased or decreased risk that liver failure and liver failure-related mortality would develop, whereas volume was not. To our knowledge, this was the first study that compared uptake and volume for risk assessment after partial liver resection. Apart from hepatobiliary scintigraphy, several other liver function tests have been described in the literature. However, the predictive value of these tests has usually not been described. The Child-Pugh classification, based on clinical symptoms of liver failure (ascites/encephalopathy) and laboratory analysis of liver function (albumin, bilirubin, and prothrombin time), can be used to identify high-risk patients (25) . Other, more specific, liver function tests such as the galactose elimination test and ICG clearance rate can complement the clinical Child-Pugh classification (26, 27) . One study, by Nonami et al. (27) , found that ICG clearance rate correlated with morbidity and mortality after partial liver resection, but this finding was not supported in the present study. One explanation is that in the present study, as opposed to the study by Nonami et al., both small and large resections were performed, and not only hepatocellular carcinoma patients were evaluated. Furthermore, when only total hepatic function is measured, as in the ICG test, and not specifically the function of the future remnant, no conclusion can be made about the volume of liver parenchyma that can safely be resected in any individual patient.
Another method to measure functional distribution in the liver is scintigraphy with 99m Tc-labeled galactosyl human serum albumin (GSA). This receptor-targeted liver function test (28-31) correlated well with ICG clearance and conventional liver function parameters (28, 30) . In several studies, the test also seems to have predictive value for short-term outcome (29, 31) . However, ROC analysis was never performed in these studies. Furthermore, 99m Tc-GSA for clinical use is available only in Japan, not in Europe or the United States.
CT volumetric analysis of the future remnant correlated with outcome after resection in 3 studies (7, 18, 32) . These and other studies have determined that a minimal remnant volume of 25%-30% is necessary to maintain adequate function after partial resection of healthy livers (9, 33) . In the present study, however, no significant correlation between volume measured with CT volumetry and postoperative morbidity, liver failure, or mortality was found, although trends were present. This discrepancy may be explained as follows. The 3 mentioned studies dealt with homogeneous groups of patients. In 2 of the studies (7, 18) , only patients without parenchymal disease were evaluated. In the third study (32) , only patients with hepatocellular carcinoma who underwent large (no less than bisegmentectomy) resections were evaluated. Therefore, in these studies, patients with approximately the same level of liver function were selected. In the present study, patients with and without parenchymal disease were evaluated. The volume of the future remnant liver was about the same between patients with and without parenchymal disease, whereas uptake ratios were significantly lower in patients with parenchymal disease. When only patients without parenchymal disease are evaluated in the present study, volume is significantly lower in patients in whom posthepatectomy liver failure developed than in other patients (28% 6 5% vs. 49% 6 17%, P 5 0.02). Therefore, although measurement of volume may be valuable in patient populations without much variation in liver function, the advantage of measuring uptake is that it can be used for risk assessment in patient populations with or without parenchymal disease.
An earlier study found a good correlation between the rates of total hepatic uptake and ICG clearance (15) . Furthermore, another study found a strong correlation between the preoperative rate of uptake in the future remnant and the actually measured uptake in the remnant 1 d after surgery (r 5 0.95; P , 0.001) (16) . Consistent delineation of the future remnant can readily be learned, especially when performed on hepatobiliary scintigraphy after being performed on CT. The 2 experienced observers in this study reached acceptable agreement for measurement of uptake in the future remnant. Visualization of functional distribution on other techniques such as SPECT might further increase interobserver and intraobserver consistency. The latter technique produces more realistic, 3-dimensional images of the liver, enabling more accurate segmental delineation. In this study, in-hospital morbidity and mortality were high, compared with data reported in the literature (1-4). There are 2 explanations for the relatively high mortality rate. First, 37% of patients had parenchymal disease resulting in compromised liver function. Four of 6 patients with liver failure had parenchymal disease. Second, a relatively large proportion of patients had hilar cholangiocarcinoma (28%). These patients require large resections in combination with biliary anastomoses, with a notoriously increased risk of postoperative morbidity and mortality (19) . Reported in-hospital mortality rates after resection for hilar cholangiocarcinoma vary from 0% to 15% (19, (34) (35) (36) . Overall, 25 (54%) of 46 patients required (extended) right hemihepatectomy, which resulted in an average volume of 35% 6 8% and an average uptake of 3.2% 6 0.9%/min/ BSA for the future remnant in these patients. Notwithstanding the fact that postoperative morbidity and mortality were considerable, it did furnish necessary power to this study, in which risk assessment was the primary goal.
Uptake in the future remnant and operation time were the only independent factors associated with outcome in multivariate analysis. A correlation between operation time and short-term outcome after partial liver resection has also been reported by others (1) . Because liver resections can prove more demanding than anticipated on preoperative imaging, there will always be an unpredictable element in the risk assessment of patients requiring an extensive liver resection. This factor will translate into a prolonged surgical procedure. Although no factors were significantly associated with liver failure-related mortality, uptake in the future remnant had the lowest P value (0.19). Diagnosis was a confounding factor, because three fourths of the patients who died with liver failure had hilar cholangiocarcinoma.
CONCLUSION
In a population including patients with parenchymal disease and hilar cholangiocarcinoma, preoperative measurement of 99m Tc-mebrofenin uptake in the future remnant liver on functional hepatobiliary scintigraphy proved more valuable than measurement of the volume of the future remnant in the assessment of the posthepatectomy risk of liver failure and liver failure-related mortality. Factors that were evaluated in univariate analysis were 99m Tc-mebrofenin uptake, age, sex, diagnosis, chronic liver disease, resection type, operation time, blood loss, preoperative aspartate aminotransferase, alanine aminotransferase, lactate dehydrogenase, albumin, bilirubin, alkaline phosphatase, g-glutamyl transferase, prothrombin time, activated partial thromboplastin time, antithrombin III, and ICG clearance rate. Only significant factors in univariate analysis are shown.
